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We report the first measurement of the fusion excitation functions for 39,47K + 28Si at near-
barrier energies. Evaporation residues resulting from the fusion process were identified by direct
measurement of their energy and time-of-flight with high geometric efficiency. At the lowest incident
energy, the cross-section measured for the neutron-rich 47K induced reaction is ∼6 times larger than
that of the β-stable system. The experimental data are compared with both a dynamical deformation
model and coupled channels calculations (CCFULL).
PACS numbers: 21.60.Jz, 26.60.Gj, 25.60.Pj, 25.70.Jj
The structure of neutron-rich nuclei and the reactions
they undergo are presently a topic of considerable in-
terest. Not only are these nuclei relevant to r-process
nucleosynthesis [1] and the putative reactions occurring
in the outer crust of an accreting neutron star [2], but
they also provide the opportunity to investigate weakly
bound systems in which continuum effects are important
[3]. For weakly bound neutron-rich nuclei near the limit
of stability, the weak binding of the valence neutrons al-
lows these neutrons to readily couple to continuum states,
modifying the properties of the bound states [3]. With
this increased coupling to continuum states, an increased
collectivity is also expected. The extent to which this
increased collectivity manifests itself in nuclear reactions
is an open question. For example, one expects on general
grounds that the enhanced polarizability associated with
exciting low-energy collective modes should result in an
increased likelihood for fusion to occur. Such general ex-
pectations are borne out by microscopic time-dependent
Hartree-Fock (TDHF) calculations [4]. Polarization of
the nuclei during the collision can be envisioned as the
prelude to neutron transfer. While for stable beams, the
impact of neutron transfer on fusion at near barrier en-
ergies has been shown to be significant [5], limited infor-
mation exists for nuclei away from stability.
Radioactive beam facilities provide, for the first time,
FIG. 1. (Color online) Schematic of the experimental setup.
See text for details.
the opportunity to systematically investigate the fusion
of nuclei as they become increasingly neutron-rich and
the influence of coupling to the continuum increases. In
this Letter we present the first measurement of the fu-
sion excitation functions for 47K + 28Si and 39K + 28Si.
The role of specific collective modes for these systems is
demonstrated and the framework for future fusion studies
is established.
This experiment was performed using the ReA3 facil-
ity at Michigan State University’s National Supercon-
ducting Cyclotron Laboratory (NSCL). Ions of 39K from
a source or 47K from a thermalized radioactive beam
were charge bred in an ion trap, injected into the ReA3
80 MHz linac, and reaccelerated to energies between 2
and 3 MeV/A. The experimental setup used to mea-
sure fusion of potassium ions with silicon nuclei is de-
picted in Fig. 1. The beam first passed through an up-
2stream E×B microchannel plate (MCP) detector, desig-
nated MCPUS, followed by another MCP detector in the
target position (MCPTGT) approximately 1.3 m down-
stream of the MCPUS. These detectors [6] provided
a time-of-flight (TOF) measurement of the beam par-
ticles. The 327 µg/cm2 thick 28Si secondary emission
foil of the MCPTGT served as the target for the experi-
ment. This time-of-flight measurement allowed rejection
of beam particles scattered or degraded prior to the tar-
get and provided a direct measure of the number of beam
particles incident on the target. The intensity of the 39K
beam on the target was 3 - 4.5 × 104 ions/s, and that of
the 47K beam was 1 - 2.5 × 104 ions/s.
In order to identify contaminants in the 47K beam,
two compact axial field ionization chambers [7] desig-
nated RIPD1 and RIPD2 were inserted in the beam path
between the two MCP detectors. Particle identification
was achieved by ∆E-TOF, where the time-of-flight for
each particle was measured between the MCP detectors.
The energy distribution of incident 39K and 47K ions was
measured by periodically inserting a silicon surface bar-
rier detector just upstream of the target. The width,
σ, of the energy distribution was ∼300 keV for 39K and
∼600 keV for 47K.
Fusion of a 39K (or 47K) projectile nucleus with a
28Si target nucleus produces an excited 67As (75As) com-
pound nucleus (CN). Near the fusion barrier, the exci-
tation energy of the CN is ∼40 MeV (∼55 MeV). De-
excitation of the CN via evaporation of light particles
imparts transverse momentum to the evaporation residue
(ER), allowing its detection in the annular silicon detec-
tors designated T1 and T2 which subtend the angles 1.0◦
≤ θlab ≤ 7.3
◦.
To distinguish ERs from scattered beam, reaction
products detected in the silicon detectors are identified
by their mass using the energy vs. time-of-flight (E-
TOF) technique [6, 8, 9], with the time-of-flight mea-
sured between the MCPTGT and the silicon detectors
[10]. This mass identification for the 47K beam is pre-
sented in Fig. 2. The intense peak evident at ESi=105
MeV and A≈47 corresponds to elastically scattered 47K
particles, with the points extending down in energy along
the solid A=47 line corresponding to scattered 47K par-
ticles. Elastically scattered 36Ar, a beam contaminant, is
evident at ESi=75 MeV centered on A=36, and accounts
for <1% of the incident beam particles. Two distinct
islands cleanly separated from the scattered beam parti-
cles are apparent at high mass (shown in bold). The inset
shows the mass distribution of these islands, where a clear
separation between the two islands is observed at A≈66.
The lower mass island around A=60 corresponds to evap-
oration residues of compound nuclei formed following fu-
sion of 47K projectile nuclei with 16O nuclei present in an
oxide layer on the target foil (ACN=63). The higher mass
island peaking at A≈72 is populated by ERs following fu-
sion of 47K + 28Si, which is consistent with the prediction
A
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FIG. 2. (Color online) Energy versus mass number for reac-
tion products with 2.4◦ ≤ θlab ≤ 7.3
◦. For reference, a solid
(black) line and dashed (red) line are shown at A=47 and
A=36, respectively. Evaporation residues are shown in bold.
Inset: Mass distribution of evaporation residues.
of a fusion-evaporation code, EVAPOR [11]. ERs from
the 28Si target were selected using the two-dimensional
ESi vs A spectrum.
The measured yield of evaporation residues (NER) was
used to calculate the fusion cross-section σfusion using
σfusion = NER / (ǫER × NBeam × t), where ǫER is the
detection efficiency, NBeam is the number of beam par-
ticles incident on the target and t is the target thick-
ness. NBeam was determined using the time-of-flight be-
tween the MCP detectors and particle identification in
the ∆E-TOF spectrum. The thickness of the target was
gauged using α particles from sources [12]. After ac-
counting for the oxide layer, the 28Si thickness was de-
termined. The detection efficiency ǫER was calculated by
using EVAPOR [11] and the geometric acceptance of the
silicon detectors. For both systems, the combined geo-
metric efficiency of T1 and T2, for all incident energies
measured, was ∼80%.
The fusion cross-sections as a function of incident en-
ergy for 39K + 28Si (open circles) and 47K + 28Si (closed
circles) are shown in Fig. 3. Both fusion excitation func-
tions exhibit the general trend expected for a barrier-
driven process. With decreasing incident energy, the fu-
sion cross-section decreases slowly for energies above the
barrier then drops dramatically at and below the bar-
rier. To facilitate comparison of the two systems, the
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FIG. 3. (Color online) Panel (a): The fusion excitation func-
tion for 47K + 28Si. Solid (black) line corresponds to a fit
of the experimental data as described in the text. Dash-dot
(green) line corresponds to calculated fusion cross-sections us-
ing the Sao Paulo model [13] with density distributions calcu-
lated within a relativistic mean field framework [14, 15]. Panel
(b): Same as above for 39K projectile ions. Panel (c): The
relative cross-section, σ(47K)/σ(39K) is depicted as a solid
(black) line, corresponding to the ratio of the Wong fits of
the experimental data. The shaded band represents the mea-
surement uncertainty. The dashed (colored) lines correspond
to model calculations described in the text.
measured fusion excitation functions were parameterized
using a functional form that describes the penetration of
an inverted parabolic barrier (Wong formula) [16]. The
fits of the 39K and 47K data are shown in Fig. 3 as the
solid (black) lines. With the exception of the 47K cross-
section measured at Ec.m.=38 MeV the excitation func-
tions for both systems are reasonably well described by
this parameterization.
The relative cross-section σ(47K)/σ(39K) as a function
of incident energy is shown in Fig. 3(c). For energies
above the barrier, the ratio is essentially flat with a value
of∼1.2, but as Ec.m. decreases below the barrier, the ratio
rapidly increases to a factor of ∼6 at the lowest measured
energy.
In order to better understand the extent to which the
observed fusion cross-sections are due to the nuclear size,
structure, or dynamics, we have calculated the fusion of
potassium isotopes with 28Si nuclei with different models.
The simplest model utilized is a Sao Paulo (SP) model
[13], which allows one to assess the changes in the fusion
cross-section due solely to the changes in the density dis-
tributions of the nuclei. These density distributions have
been calculated within a relativistic mean field (RMF)
model [14, 15], and were utilized in a folding potential
to predict the fusion cross-sections. As the density dis-
tributions are spherically symmetric, initial deformation
of the projectile and target nuclei are ignored in this ap-
proach. The cross-section predicted from the RMF+SP
model is depicted in Fig. 3 as the dash-dot (green) line.
While this static model provides reasonable agreement
at above-barrier energies, it significantly underpredicts
the measured cross-sections at energies near and below
the barrier, indicating that the size of the colliding nu-
clei alone is insufficient to explain the observed fusion
cross-sections.
TABLE I. Woods-Saxon potential parameters for the mea-
sured systems.
V0 (MeV) r0 (fm) a (fm)
39K + 28Si -55.03 1.16 0.612
47K + 28Si -55.97 1.16 0.622
For mid-mass stable nuclei, the role of dynamics (col-
lective modes) in describing the fusion cross-section in
the near-barrier regime is well established [17, 18]. While
a microscopic description of the fusion process with a
model such as density constrained TDHF [19, 20] is de-
sirable, calculation of fusion for the odd-A nuclei in these
systems is particularly challenging. As pairing signifi-
cantly impacts the fusion cross-section [8], a correct treat-
ment of the unpaired nucleon is essential and presently
beyond the scope of the model. We therefore elected
to explore the role of dynamics using two different ap-
proaches: a dynamical deformation model [21] and cou-
pled channels calculations [22].
Within the dynamical deformation model, as the two
nuclei approach, coupling to collective degrees of freedom
changes the potential barrier, resulting in a distribution
of barriers [23] over the collective mode. The total pen-
etration probability of the nuclear wavefunctions is av-
eraged over the barrier distribution with respect to de-
formation of the system [21]. The Coulomb part of the
potential is given by Coulomb’s law, modified at small
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FIG. 4. (Color online) Panel (a): Experimental data for 47K
+ 28Si are represented by symbols. Solid and dashed (col-
ored) lines correspond to different models described in the
text. Panel (b): Same as above for 39K projectile ions.
internuclear separation to account for overlap. The nu-
clear part of the potential utilized a Woods-Saxon form,
with the depth V0, radius parameter r0, and diffuseness
parameter a. The values of these parameters were cho-
sen to reflect the same effective potential as that of the
RMF+SP calculations, and are presented in Table I.
As evident in Fig. 4 the dynamical deformation cal-
culations indicated by the dotted (red) line are closer to
the measured cross-sections for both systems than the
RMF+SP calculations, but still underpredict the mea-
sured values at lower energies. This indicates that cou-
pling to surface vibrations is insufficient to describe the
fusion cross-sections for these systems. As inclusion of
surface vibrations in this model corresponds to the con-
tinuous limit of coupling to discrete vibrational states,
this result indicates that coupling to vibrational states
alone cannot describe the experimental fusion data.
The inclusion of coupling to collective states in the
potassium and silicon nuclei can also be treated in the
context of coupled channels calculations, using the code
CCFULL [24]. For these calculations, coupling to the
1/2+ ground state and the 3/2+ and 5/2+ excited states
of 47K were included, and considered to be members of
a rotational band. For 39K, the 3/2+ ground state and
excited 5/2+ and 7/2+ levels were included. Coupling
in the 28Si target nucleus included the 2+ and 4+ lev-
els of the rotational band built on the 0+ ground state.
The results of these calculations are shown in Fig. 4 as
the solid (blue) line. While in the case of 39K + 28Si
the CCFULL calculations provide a good description of
the experimental cross-sections, for the 47K induced reac-
tion the model slightly overpredicts the data. Although
neutron transfer plays no role in the case of 39K due to
the negative Q-value, in the case of 47K, Q2n = 3.844
MeV, suggesting that neutron transfer may play a role.
We therefore included neutron transfer channels in the
CCFULL calculations of the 47K induced reaction. In-
clusion of a weak coupling (Ft = 0.25) to the neutron
transfer channels provides the best description of the ex-
perimental data, as shown by the dashed (purple) line in
Fig. 4(a). Increasing the coupling strength for neutron
transfer above Ft = 0.35 significantly underpredicts the
measured cross-sections, especially above the barrier.
It is additionally instructive to compare the rela-
tive cross-section, σ(47K)/σ(39K), predicted by the var-
ious models with the experimental data as presented in
Fig. 3(c). At the highest energies measured, all of the
model calculations converge and are in good agreement
with the experimental data. This result is unsurprising,
as the cross-section at above-barrier energies are dictated
by the geometric cross-section. The RMF+SP model ex-
hibits a more rapid increase with decreasing incident en-
ergy than the data. While the dynamical deformation
model manifests a smaller relative cross-section than the
RMF+SP, it still predicts a larger relative cross-section
than the data. As expected from their agreement with
the excitation functions, the CCFULL calculations in-
cluding neutron transfer provide a good description of
the measured relative cross-section. A small underpredic-
tion, within the measurement uncertainties, is observed
at the lowest measured energies.
The comparison of the relative cross-section predicted
by the different models with the experimental data can
be understood by considering the cross-section as having
both a geometric component as well as a dynamical com-
ponent (σfusion = σgeometric + σdynamic). If the dynam-
ical contribution is dominated by the geometric compo-
nent (σfusion ≈ σgeometric), the experimental data should
follow the predictions of the RMF+SP model. Since the
experimental data lies below the RMF+SP predictions,
this indicates that not only do dynamics play a role, as
was evident in the fusion excitation functions, but dy-
namics for 39K plays a larger role relative to the geo-
metric cross-section than in the case of 47K. The rela-
tive cross-section predicted by the CCFULL calculations
(with neutron transfer), while in good agreement with
the experimental data within the statistical uncertain-
5ties, exhibits a slight underprediction at the lowest ener-
gies. The relative fusion cross-section is therefore useful
in comparing the neutron-rich system with the β-stable
system as it cancels the average incident energy depen-
dence associated with the barrier penetration process,
providing higher sensitivity.
Using a reaccelerated radioactive beam, the fusion ex-
citation function for 47K + 28Si has been measured for
the first time, and is compared to the fusion excitation
function for 39K + 28Si. At near and sub-barrier en-
ergies, a dramatic, six-fold increase in the fusion cross-
section is observed for the neutron-rich system relative to
the β-stable system. Within a static approach with only
spherically symmetric density distributions for the col-
liding nuclei, the fusion excitation function for both sys-
tems falls more steeply with decreasing incident energy
than is experimentally observed, a result attributable to
the role of structure and dynamics in the fusion process.
Calculations with a dynamical model which include cou-
pling to surface vibrations provide a better description of
the excitation functions, but still underpredict the data.
By utilizing a coupled channels approach with coupling
to measured rotational states, a good description of the
fusion excitation functions is achieved. For the neutron-
rich projectile, 47K, a weak coupling to neutron transfer
channels provides a slightly better description. Com-
parison of the relative cross-sections predicted by the
RMF+SP and CCFULL models with the experimental
data indicates that the contribution of the dynamics to
the fusion cross-section for the 39K induced reaction is
larger than in the case of 47K relative to the geometric
cross-section. Comparison of the cross-sections for the
neutron-rich systems with the relevant β-stable system
allows one to evaluate the extent to which the contribu-
tion of dynamics relative to the geometric cross-section
evolves with neutron number.
As demonstrated by this work, measurement of high
quality near-barrier fusion excitation functions with ra-
dioactive beams allows investigation of the role of vibra-
tion, rotation, and neutron transfer in fusion. Measur-
ing the fusion excitation function for an isotopic chain of
neutron-rich light and mid-mass nuclei is therefore a pow-
erful tool to examine the evolution of collective modes
and coupling to the continuum with increasing neutron
number. A new generation of radioactive beam facilities,
both in existence as well as on the horizon, now makes
such measurements possible for the first time.
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